dani. Renal autoregulation: new perspectives regarding the protective and regulatory roles of the underlying mechanisms. Am J Physiol Regul Integr Comp Physiol 290: R1153-R1167, 2006. doi:10.1152/ajpregu.00402.2005.-When the kidney is subjected to acute increases in blood pressure (BP), renal blood flow (RBF) and glomerular filtration rate (GFR) are observed to remain relatively constant. Two mechanisms, tubuloglomerular feedback (TGF) and the myogenic response, are thought to act in concert to achieve a precise moment-by-moment regulation of GFR and distal salt delivery. The current view is that this mechanism insulates renal excretory function from fluctuations in BP. Indeed, the concept that renal autoregulation is necessary for normal renal function and volume homeostasis has long been a cornerstone of renal physiology. This article presents a very different view, at least regarding the myogenic component of this response. We suggest that its primary purpose is to protect the kidney against the damaging effects of hypertension. The arguments advanced take into consideration the unique properties of the afferent arteriolar myogenic response that allow it to protect against the oscillating systolic pressure and the accruing evidence that when this response is impaired, the primary consequence is not a disturbed volume homeostasis but rather an increased susceptibility to hypertensive injury. It is suggested that redundant and compensatory mechanisms achieve volume regulation, despite considerable fluctuations in distal delivery, and the assumed moment-by-moment regulation of renal hemodynamics is questioned. Evidence is presented suggesting that additional mechanisms exist to maintain ambient levels of RBF and GFR within normal range, despite chronic alterations in BP and severely impaired acute responses to pressure. Finally, the implications of this new perspective on the divergent roles of the myogenic response to pressure vs. the TGF response to changes in distal delivery are considered, and it is proposed that in addition to TGF-induced vasoconstriction, vasodepressor responses to reduced distal delivery may play a critical role in modulating afferent arteriolar reactivity to integrate the regulatory and protective functions of the renal microvasculature. renal microcirculation; afferent arteriole; myogenic; tubuloglomerular feedback ONE OF THE MOST STRIKING CHARACTERISTICS of the renal circulation is the ability of the kidney to maintain a constant renal blood flow (RBF) and glomerular filtration rate (GFR) as renal perfusion pressure is altered. The dual regulation of both RBF and GFR is achieved by proportionate changes in the preglomerular resistance and is believed to be mediated by two mechanisms, tubuloglomerular feedback (TGF) and the renal myogenic response. TGF involves a flow-dependent signal that is sensed at the macula densa and alters tone in the adjacent segment of the afferent arteriole via a mechanism that remains controversial but likely involves adenosine and/or ATP (30, 80, 144) . The myogenic response involves a direct vasoconstriction of the afferent arteriole when this vessel is presented with an increase in transmural pressure. The current view is that these two mechanisms act in concert and that their primary role is to stabilize renal function by preventing pressure-induced fluctuations in RBF, GFR, and the delivery of filtrate to the distal tubule (distal delivery).
ONE OF THE MOST STRIKING CHARACTERISTICS of the renal circulation is the ability of the kidney to maintain a constant renal blood flow (RBF) and glomerular filtration rate (GFR) as renal perfusion pressure is altered. The dual regulation of both RBF and GFR is achieved by proportionate changes in the preglomerular resistance and is believed to be mediated by two mechanisms, tubuloglomerular feedback (TGF) and the renal myogenic response. TGF involves a flow-dependent signal that is sensed at the macula densa and alters tone in the adjacent segment of the afferent arteriole via a mechanism that remains controversial but likely involves adenosine and/or ATP (30, 80, 144) . The myogenic response involves a direct vasoconstriction of the afferent arteriole when this vessel is presented with an increase in transmural pressure. The current view is that these two mechanisms act in concert and that their primary role is to stabilize renal function by preventing pressure-induced fluctuations in RBF, GFR, and the delivery of filtrate to the distal tubule (distal delivery).
Over the last two decades, evidence has accrued to indicate that this autoregulatory response plays a concurrent role in protecting the kidney from hypertensive injury (14, 15) . This view is based on the strong link between autoregulatory capacity and susceptibility to hypertensive injury. In the presence of intact autoregulation, minimal injury is observed, despite substantial hypertension. However, when blood pressure (BP) is elevated beyond the upper limit of normal autoregulatory capacity, renal damage develops rapidly. Conversely, if autoregulatory capacity is diminished, susceptibility to hypertensive renal damage is greatly enhanced and injury is observed with even moderate hypertension. Nevertheless, the primary function of the renal vascular responses to pressure, and of the myogenic and TGF mechanisms, is believed to be regulatory, as reflected in the very term autoregulation. Thus renal protec-tion is lost when renal autoregulation fails. However, as discussed below, the requirements for maintaining a constant GFR and for protecting the glomerulus from hypertensive injury differ, even though both involve a regulation of glomerular capillary pressure (P GC ). Moreover, the myogenic response and TGF system clearly sense different signals and, therefore, may play distinct roles in protection and regulation. This review presents the authors' perspective on the role of vascular responses to pressure in regulating renal function and in protecting the kidney against the adverse effects of elevated systemic BP.
HISTORICAL PERSPECTIVES
Renal autoregulation may have first been described by Rein in 1931 (125) . However, as early as 1902, Bayliss (12) observed that the renal vasculature exhibits a profound vasoconstriction when the kidney was subjected to elevated pressure. Bayliss viewed the renal response as an example of the myogenic response of vascular beds. Regarding the purpose of this general response, he suggested that "The peripheral powers of reaction possessed by the arteries is of such a nature as to provide as far as possible for the maintenance of a constant flow of blood through the tissues supplied by them, whatever may be the height of the general blood-pressure. . . ." (12) . The concept that renal vascular responses to pressure might also serve to regulate function in the kidney was further advanced by the observation of Forster and Maes in 1947 (49) that not only RBF but also GFR remained constant with acute elevations in BP. From the outset, it was recognized that the dual regulation of GFR and RBF could only be achieved if pressureinduced vasoconstriction was restricted to preglomerular resistance vessels.
It was generally accepted that, in the kidney, the need for volume preservation required that the capacity of the tubules to reabsorb the filtrate not be overwhelmed by excessive GFRs. Specifically, the delivery of filtrate to the distal segment, which has a more limited reabsorptive capacity, needed to be precisely regulated. The unique anatomical relationship between the early distal nephron and its glomerular vascular pole was recognized by Goormaghtigh (53) to provide a potential site for such regulation. Thus in the vast majority of mammalian nephrons, the early distal tubule makes direct contact with the vascular pole of its originating glomerulus. The early observations of Hársing et al. (68) , that inhibition of proximal fluid reabsorption decreased both GFR and RBF, led to his suggestion that increased filling of the distal tubule might evoke signaling via the macula densa to regulate vascular resistance. The subsequent demonstrations that alterations in the composition of the fluid presented to this early distal site caused reductions in the upstream proximal stop-flow pressure (154) and that increased early distal tubular flow reduced the GFR of the affected nephron (136) established the presence of such a feedback response coupling distal filtrate delivery to preglomerular vascular responses. These observations supported the hypothesis, first proposed in 1963 (64, 152) , that the autoregulation of GFR and RBF involved a unique mechanism in the kidney whereby preglomerular vasoconstriction was triggered by increased distal delivery. This concept was consistent with the prevailing view that, in addition to a general myogenic response (e.g., Refs. 7 and 51), the differing physiologic and metabolic requirements of tissues needed to be achieved by organ-specific vascular regulatory mechanisms. Subsequent approaches, including mathematical modeling, led to the consensus that both TGF and myogenic vasoconstriction are essential for normal autoregulation (8, 74, 108, 116) , although their relative contributions remain controversial. Thus the current view is that when BP is elevated, these two mechanism act in concert to achieve a precise regulation of GFR and RBF. The underlying assumption throughout has been that this response reflects a phenomenon whose primary purpose is to insulate renal sodium and volume regulation from fluctuations in BP (e.g., Refs. 75, 153, and 114) .
During this same period, Wilson and Byrom (171, 172) conducted their pioneering investigations into the pathogenesis of target organ damage seen in the 2 kidney/1 clip model of hypertension (2K/1C) and the involvement of autoregulatory or myogenic mechanisms. On the basis of the local vasospasm observed in the cerebral vasculature by using the cranial window approach, it was initially thought that an exaggerated myogenic vasoconstriction and tissue ischemia led to the manifestation of hypertensive encephalopathy (28) . However, subsequent studies by these and other investigators indicated that an overwhelming of the myogenic capacity in some vascular segments by excessive BP led to focal vasodilatation, increased wall tension and, ultimately, hypertensive cerebral vascular injury (reviewed in Refs. 27 and 50). Similar mechanisms were postulated for the renal injury seen in this hypertensive model. Studies in the uninephrectomized DOCA/salt model of malignant nephrosclerosis by Hill and Heptinstall (72) confirmed the enhanced susceptibility of a dilated renal vascular bed to hypertensive injury. These investigators additionally suggested that the severity of such damage may depend not only on the severity of the hypertension but also on the renal autoregulatory or myogenic capacity. The importance of local myogenic mechanisms in protecting against hypertensive injury was formally recognized in the concept proposed in 1972 that hypertensive encephalopathy may develop only when BPs exceed the upper limit of cerebral blood flow autoregulation (94) . A great deal of experimental and clinical evidence has since been obtained in support of the concept (86, 93) . Moreover, although the concept was initially proposed in the context of target organ damage observed with severe or malignant hypertension, an association between preglomerular vasodilatation, increased P GC and progressive glomerulosclerosis even with moderate hypertension, was subsequently recognized in chronic kidney disease (CKD) models (9, 10, 77, 118) . The direct demonstration that, in addition to being vasodilated, the preglomerular vasculature of the 5/6 renal ablation model of CKD also exhibits impaired renal autoregulation provided a potential explanation for the greatly enhanced glomerular susceptibility to hypertensive injury seen in this model (21) .
Collectively, such observations suggest that the same mechanisms responsible for renal autoregulation play a critical role in protecting the kidney from the damaging effects of hypertension. Since P GC is a primary determinant of GFR and an elevation in P GC is thought to be an initiating event in the sequence leading to glomerular injury, renal protection might be viewed simply as an ancillary consequence of the regulation of GFR. Indeed, despite the clear linkage of the loss of autoregulatory capacity and glomerular injury, the primary importance of the regulatory role of renal autoregulation and its requirement for volume homeostasis has remained a cornerstone of renal physiology.
BP VARIABILITY AND THE REQUIREMENTS FOR PROTECTION VS. REGULATION
A fundamental consideration regarding both the regulatory and the protective functions of the renal vasculature is the fact that BP spontaneously fluctuates at multiple frequencies. This is illustrated in Fig. 1 , which depicts the BP power spectrum of the conscious rat. Because the amplitude of the BP fluctuation varies with frequency, the BP power (energy/unit time, proportional to the square of the amplitude) is also a function of frequency. In general, slow events exhibit larger amplitudes than more rapid signals (73, 103) . The exception to this well-described 1/frequency relationship is the very rapid BP oscillation due to the pulse, which manifests as the power peak observed at the heart rate (ϳ6 Hz in the rat). These various frequencies summate to form the complex BP signals that are delivered to the preglomerular vasculature in vivo. Thus the BP signals that evoke renal autoregulatory responses are always oscillatory in nature, and the kinetic attributes of TGF and the myogenic mechanism determine the frequency range over which both autoregulation and renal protection can manifest.
Dynamic autoregulatory studies, employing transfer function and frequency domain analyses, have revealed the natural frequency of the TGF mechanism in the rat to be in the range of 0.05 Hz (2, 32, 36, 38, 56, 76, 122, 165, 166) . The myogenic response is much faster, with a natural frequency of 0.1-0.2 Hz in the anaesthetized rats and 0.2-0.3 Hz in conscious animals (2, 32, 36, 38, 56, 76, 122, 165, 166) . Essentially similar data regarding the kinetics of these mechanisms have been obtained through analyses of RBF responses to step changes in BP (84, 85, 102, 175) . These natural frequencies imply that the myogenic response can prevent changes in RBF in response to BP fluctuations that occur at intervals greater than 3-4 s, whereas TGF responds to slower BP fluctuations over intervals of 20 s or longer. Given the differences in their mechanisms, it is not surprising that these two systems exhibit markedly different response times. To elicit a TGF response, a pressure increase must be transmitted and elicit an increase in the flow rate through the thick ascending limb. This, in turn, alters the composition of the fluid presented to the macula densa, stimulating the secretion of a vasoconstrictor near the afferent arteriole to increase preglomerular resistance. In contrast, the myogenic mechanism involves an intrinsic smooth muscle response to increased transmural pressure. The underlying mechanisms, though not fully resolved, involve depolarization, activation of voltage-gated L-type Ca 2ϩ channels and Ca 2ϩ entry triggering a rapid vasoconstriction (39) . The observation that fluctuations in BP occurring faster than 0.3 Hz are accompanied by parallel RBF fluctuations without attenuation has been interpreted as indicating that the renal vasculature responds passively to such high frequency signals (e.g., Ref. 75 ). This interpretation is reasonable if one considers a regulation of function to be the primary role of this response. As illustrated in Fig. 1 , major variations in BP occur primarily at frequencies well below 0.3 Hz and the natural frequencies of the myogenic and TGF mechanisms are sufficient to attenuate their effects on renal function. The focus on BP fluctuations occurring exclusively at low frequencies (Ͻ1 Hz) is also appropriate when considering only the regulation of function. Perturbations in BP that persist for only a fraction of a second would have insignificant effects on mean RBF and GFR (41) . Conversely, to be effective, renal protection must be achieved over the full range of BP frequencies. Indeed, it is most critical to provide protection against the rapidly oscillating systolic BP, as this component has been shown to correlate most closely with end organ hypertensive injury (22, 71, 82, 174) . Yet the emphasis on the regulation of function as the end point of pressure-dependent renal vascular responses has led to the concept that the systolic BP signal, which presents at 6 Hz in the rat, is handled passively by the renal vasculature. Clearly, from the viewpoint of renal protection, this cannot be true.
RENAL MYOGENIC RESPONSE TO THE OSCILLATING SYSTOLIC PRESSURE SIGNAL
The considerations presented above illustrate that the requirements on the vasculature to achieve renal protection are quite distinct from the requirements to achieve autoregulation. Our current concepts, which primarily address the latter, cannot explain how the renal vasculature normally protects the kidney from the damaging effects of the oscillating systolic BP. Our recent studies using the in vitro perfused hydronephrotic kidney provide a potential resolution of this issue. As previously discussed in detail (97, 98) , the afferent arteriole exhibits a very short delay in activation (200 -300 ms) and rapid constriction kinetics when exposed to a sudden pressure increase. When pressure is subsequently reduced, vasodilation is evoked after a much longer delay (ϳ1 s). Using these kinetic parameters, we developed a simple mathematical model that produced myogenic transfer functions similar to those revealed by frequency domain analysis in the intact rat kidney in vivo (97) . Thus the myogenic response of the model exhibited an Fig. 1 . Blood pressure (BP) power spectrum in the conscious rat (mean data, n ϭ 10). The BP signal is a complex waveform derived from various fluctuations that oscillate at different frequencies. BP power is proportional to the square of the amplitude of these fluctuations (from the mean BP) and is plotted as a function of oscillation frequency (f). Note the 1/f relationship seen at frequencies below 1 Hz and the natural frequencies of tubuloglomerular feedback (TGF) and the myogenic response. A major BP power peak is produced at the heart rate frequency (6 Hz in the rat). By current interpretations, this signal is beyond the myogenic operating range and, accordingly, is handled passively by the renal vasculature.
operating frequency of 0.3 Hz. As shown in Fig. 2A , the model predicted an ability of the afferent arteriole to track pressure changes presented at low frequencies, but not when oscillations exceeded 0.3 Hz. However, rather than exhibiting a passive response to high frequencies, the model exhibits a sustained vasoconstriction. The kinetic determinants of the sustained response are further illustrated by Fig. 2B . When the model is presented with a pressure transient of short duration (1 s), it responds with a transient vasoconstriction that is slightly out of phase with the pressure signal. When presented with a train of such pulses, the responses merge into a sustained vasoconstriction (Fig. 2 , B and C). As illustrated in Fig. 2 , D-F, the actual responses of the afferent arteriole replicated these predictions of the mathematical model. Moreover, as shown in Fig. 2D , this ability of the afferent arteriole to respond to oscillating pressure signals extended to oscillations occurring at the heart rate (6 Hz).
As discussed above, BP signals present to the afferent arteriole in vivo as complex waveforms, consisting of a summation of oscillations occurring at each frequency. The rapidly oscillating systolic BP is an incessant component of this signal and is always superimposed on the slower oscillations. Which pressure is sensed by the myogenic mechanism? As Fig. 3A illustrates, the model predicted that the magnitude of the responses evoked under such conditions is exclusively determined by the systolic signal. Changes in diastolic and mean pressures had no effect, whereas elevations in systolic pressure evoked responses even if mean pressure was held constant (Fig. 3B ). As shown in Fig. 3 , C-E, the actual afferent arteriolar responses faithfully mirrored those predicted by the model. Thus not only is the afferent arteriole capable of responding to oscillating systolic BP, it is this signal that would provide the primary stimulus for setting myogenic tone under in vivo conditions. These findings await confirmation by investigations in the intact kidney. Early studies examining the effects of pulsatile vs. nonpulsatile perfusion on renal function suggested similar autoregulatory responses to both static and pulsatile pressure signals (126, 140) in contradiction with the above predictions. These investigations were hampered by the indirect methods available to assess blood flow and focused on the role of pulsatile perfusion regarding organ preservation and extracorporeal perfusion rather than the specific effects of systolic vs. mean pressures in setting autoregulatory tone. Moreover, depulsation per se has effects that may confound interpretations. Many early studies have shown this maneuver to reduce renal cortical blood flow and GFR and to stimulate renin (52, 101, 104) , observations confirmed by recent studies (e.g., 111, 149, 155) . Investigations specifically designed to critically evaluate the influences of mean vs. systolic BP signals on myogenic tone in vivo are needed and currently lacking. In considering this problem, it should be noted that anesthetics may alter myogenic kinetics (e.g., Ref. 36) and that dynamic autoregulatory studies in conscious rats consistently demonstrate faster myogenic responses than those using anesthetized animals.
Modeling results clearly indicate that the ability of the afferent arteriole to respond to oscillating signals and the dominant role of the systolic BP in setting tone are both determined by its kinetic attributes. The dynamic signature of the myogenic component of autoregulation of our in vitro model has been shown to be identical to that of the normal in vivo kidney in the conscious rat (35) , suggesting normal myogenic kinetics. Moreover, transfer function modeling demonstrated that our mathematical construct mimics the normal myogenic signature (97) . The time course for myogenic vasoconstriction in our model is nearly identical to that reported for the normal kidney. Young and Marsh (175) found that, in response to an acute BP increase, renal vascular resistance increased after a delay of Ͻ1 s, it achieved 50% of the response within 3-4 s and the response reached completion by 15-20 s.
More recently, Just and Arendshorst (85) reported a delay in the onset of pressure-induced vasoconstriction in the intact kidney of 390 ms and a time constant of 5.1 s. These parameters, reflecting the global response of the renal vasculature, correspond closely to those we observed at the single arteriole level [200-to 300-ms delay and 4-s time constant (97, 98) ]. In vitro studies have not demonstrated such rapid kinetics in the juxtamedullary nephron preparation (163) , perhaps suggesting that such mechanisms play a more important role in protecting cortical nephrons. However, the pressure signals evoked were relatively slow in onset (Ͼ2 s to achieve peak), impacting on an evaluation of the delay. A critical characteristic underlying the response to pressure oscillations is the longer delay in the onset of the vasodilation observed when pressure is reduced. Just and Arendshorst (85) reported a delay in pressure-induced vasodilation of 530 ms, considerably shorter than the 1-s delay we found in the hydronephrotic kidney (97), but nevertheless significantly longer than the delay in vasoconstriction in the intact kidney. Longer delays in the offset vs. onset of vasoconstrictor responses induced by changes in loop of Henle flow are also reported (29, 37) . The dilation observed at the afferent arteriolar level was best fit to a biexponential function, but achieved 66% of the maximal response within ϳ3 s (97), similar to overall rate constant reported by Just and Arendshorst (2.6 s; Ref. 85) . Further investigations are needed to confirm these kinetic findings and to critically determine whether the systolic or mean pressure is the primary determinant of myogenic tone in the intact in vivo setting. 
IMPLICATIONS FOR PROTECTIVE AND REGULATORY ROLES OF RENAL AUTOREGULATORY RESPONSE
Obviously, RBF and GFR are determined by mean, not systolic, BP. Accordingly, a myogenic mechanism that responds exclusively to the systolic BP could contribute to autoregulation only to the extent changes in mean BP parallel changes in systolic BP. However, regarding renal protection, the dominant influence of the systolic BP is quite logical. Figure 4 illustrates a mathematical treatment comparing how myogenic responses triggered either by mean or systolic BP would attenuate the transmission of pressure transients to downstream glomerular capillaries. Note that when mean and systolic BP change in concert, the two models elicit a similar regulation of P GC (Fig. 4A) . However, as shown in Fig. 4B , increases in pulse pressure or episodes of isolated systolic hypertension result in a transmission of the peak pressure transient when mean BP determines myogenic tone, but not when the myogenic response is linked to the systolic BP signal.
The above considerations suggest an alternate view of the role of the myogenic response regarding autoregulation and renal protection (illustrated in Fig. 5 ). The systolic BP signal determines a level of sustained ambient myogenic tone. Increases in this signal trigger increases in tone, thereby imposing increased impedance to limit the transmission of BP transients to the downstream glomerulus. To the extent that changes in mean BP mirror changes in the systolic BP signal, such alterations in myogenic tone would also result in autoregulation. Nevertheless, the primary goal achieved by this response is a protection against glomerular transmission of the pulsatile systolic BP. The natural frequencies of the myogenic response and TGF would determine the dynamic range over which autoregulation would manifest. However, renal protection would be achieved over the full range of pressure oscillations by the sustained increase in myogenic tone. This modified view may explain how a myogenic mechanism operating at 0.3 Hz normally protects the kidney from the more rapidly oscillating systolic BP.
If the myogenic mechanism protects the glomerulus by responding exclusively to the systolic BP, it must be recognized that an inherent corollary to this hypothesis is that autoregulation of GFR or RBF, at least as it relates to the myogenic mechanism, would be a secondary consequence. This point is clearly illustrated by the myogenic response depicted in Fig. 3E . In this experiment, an oscillating pressure signal was imposed in which the systolic pressure increased, while mean pressure was reduced. If the myogenic response exists to preserve GFR, the vessel should dilate to maintain P GC as mean pressure is reduced. It actually constricts. This response is consistent with a primary role in protecting against increases in the systolic BP, but is clearly counterregulatory Fig. 4 . Modeling study illustrating the consequences, regarding the regulation of glomerular capillary pressure, of two differing myogenic mechanisms, one in which the level of tone is dependent on mean BP (left), the second in which tone is dependent on the systolic BP (right). Note that a similar regulation of PGC is seen when mean and systolic pressure change in concert (A). However, isolated transients in systolic pressure are transmitted to the glomerulus when mean pressure sets myogenic tone but not when tone is set by the systolic signal (B).
regarding the control of GFR. The responses to mean pressures that are depicted in Fig. 3 , B and C would similarly fail to regulate GFR.
It has been argued that since GFR is influenced by factors, such as plasma colloid osmotic pressure, proximal tubular pressure and the filtration coefficient (K f ), a myogenic mechanism responding to changes in transmural pressure alone would not be not sufficient for its regulation (e.g., Ref. 112) . If the pressure signal that is being sensed is the systolic BP signal, rather than mean BP, the role of this mechanism in regulating GFR might be further questioned. Thus TGF, by responding to alterations in distal delivery, might play a more prominent role. Conversely, since TGF does not directly sense and respond to pressure, it is less suited for renal protection. Whether these systems evolved primarily to protect against hypertensive injury or to insulate function from BP fluctuations is a difficult question. However, one way of addressing this issue is to examine the consequences when these autoregulatory mechanisms are impaired.
CONSEQUENCES OF IMPAIRED RENAL AUTOREGULATION ON RENAL PROTECTION
The kidney appears to normally be protected from hypertensive injury as long as the BP remains within the autoregulatory range. However, when autoregulation is impaired, the vulnerability to such injury is markedly augmented. The use of BP radiotelemetry has allowed an assessment of the quantitative relationships between BP and renal damage. This is illustrated in Fig. 6 , which depicts individual measures of BP and renal injury obtained using the most commonly employed rodent models for essential hypertension [spontaneously hypertensive rat (SHR)], malignant nephrosclerosis [stroke-prone SHR (SHRsp)] and CKD (5/6 ablation model). The SHR exhibits efficient autoregulation (6) and, despite significant elevations in BP, shows little renal damage even when BP is further increased by salt supplementation (55) . The SHRsp, which also has intact renal autoregulation, develops vascular and glomerular damage, but only when exposed to more severe elevations in BP (54, 55) . It is of note, that the autoregulatory responses of the SHR are shifted to higher pressures (81) , an adaptation that extends the range of renal protection, but reduces the ability to regulate RBF and GFR at lower pressures. When injury is observed in the aging SHR, it is often restricted to juxtamedullary glomeruli (48) . This may relate to the observation that the intermediate segments of the interlobular artery in this strain exhibit an enhanced myogenic response (69), which would provide added protection for the distal superficial glomeruli but not the juxtamedullary nephrons. Autoregulatory responses are also reported to be slower in the juxtamedullary cortex of the aged SHR (127) , and this could contribute to the pattern of injury. Finally, when autoregulatory capacity in the SHR is reduced by 5/6 renal ablation, these animals rapidly develop malignant nephrosclerosis (17) . Fig. 5 . Alternate view of pressure-induced activation of the renal vasculature. Changes in the oscillating systolic pressure are sensed by the myogenic mechanism and it is this signal that sets the level of steadystate myogenic tone. This response provides protection over the full range of BP frequencies by limiting the transmission of pressure transients to the glomerular capillaries (see Fig. 4 ). Thus the myogenic response would contribute to a steady-state ambient level of preglomerular tone. Dynamic autoregulation of renal blood flow (RBF) and glomerular filtration rate (GFR) occur at frequencies below the myogenic operating range as a consequence of this myogenic response and, at lower frequencies, as mediated by TGF. AA, afferent arteriole. Thus the injury seen in the SHRsp/NaCl occurs at BPs that exceed the myogenic limit. The remnant kidney exhibits impaired autoregulation, and exhibits a much lower BP threshold for hypertensive injury than normal or SHR kidneys.
As shown in Fig. 6 , the BP threshold for injury in the 5/6 ablation model of CKD, which exhibits impaired autoregulation, is much lower than that of the SD or SHR (16, 21) . The pattern of injury in this model is predominantly that of focal and segmental glomerulosclerosis, consistent with elevated glomerular pressures (14, 15, 117) . The role of hypertension in this lesion is further demonstrated by the fact that lowering BP results in proportionate reductions in injury (20, 59) . Similar relationships between impaired renal autoregulation and increased renal susceptibility to hypertensive injury have been noted in the DOCA/salt model of hypertension (72, 109) , and in the nonclipped kidney of the 2K/1C model (124, 133) . Moreover, interventions that alter autoregulatory capacity, such as dietary protein restriction or calcium channel blockers, produce corresponding changes in susceptibility to hypertensive injury in models of CKD (57, 60, 62) and in the DOCA/ salt and 2K/1C models of hypertension (92, 133) .
Observations in genetic rat strains provide further evidence linking impaired renal autoregulatory mechanisms to increased susceptibility to hypertensive injury. An example is the FawnHooded rat, which spontaneously develops hypertension, proteinuria, and focal and segmental glomerular sclerosis at a young age (160, 161) . This animal exhibits impaired renal autoregulation and severely diminished afferent arteriolar myogenic reactivity, although TGF is reported to be intact (160 -162) . The Brown Norway rat (BNR) also exhibits impaired myogenic responses, but does not develop hypertensive renal injury because it normally exhibits a relatively low BP (33, 164) . However, as elegantly shown by Churchill et al. (33) , when exposed to hypertension by transplantation into the SHR, the BNR kidneys develop substantially more severe injury compared with the SHR kidneys.
While the above findings demonstrate a link between reduced autoregulatory capacity and hypertensive injury, the specific contributions of impairments in myogenic vs. TGF mechanisms are not fully known. The difficulties involve the same problems impeding attempts to assess the individual contributions of these two interacting systems when autoregulation is intact. In the DOCA/salt, 2K/1C, and the 5/6 ablation models, TGF responses of the affected kidney are reported to be blunted or reset (109, 124, 128, 133) , but a concurrent defect in myogenic reactivity is not excluded (e.g., Ref. 70). Indeed, dynamic autoregulation studies in the conscious 5/6 ablation model suggest an attenuation of the myogenic component (18) . Moreover, in the Fawn-Hooded rat, the Dahl salt-sensitive rat, and the BNR, the genetic defect in autoregulation seems to primarily involve the myogenic mechanism, while TGF is intact or even enhanced (87, 88, 145) . In this context, an examination of the susceptibility to hypertensive injury in the gene deletion models with absent or impaired TGF (30, 80, 135, 144) would be illuminating. Regardless of the pathogenesis of impaired autoregulation in these animal models, it is important to note that qualitatively similar data have been obtained in humans (reviewed in Refs. 14 and 15). Thus most patients with primary, uncomplicated, essential hypertension who exhibit intact renal autoregulation lack significant renal injury. By contrast, patients with diabetes or CKD exhibit impaired renal autoregulation and a greatly increased susceptibility to renal damage with even modest hypertension. Indeed, the deleterious effects of coexistent hypertension are believed to play a major role in the progression of both diabetic and nondiabetic CKD. Recognition of the lower BP threshold for renal damage in these patients is evidenced by the progressively lower goals for optimal BP control that are recommended for CKD patients by recent guidelines (83) .
CONSEQUENCES OF IMPAIRED RENAL AUTOREGULATION ON VOLUME HOMEOSTASIS
In contrast to the unambiguous evidence linking impaired autoregulation to hypertensive renal injury, there is little, if any, evidence to suggest that impaired autoregulation is accompanied by disturbed volume homeostasis. Hypertension, a potential manifestation of impaired volume regulation, is not clearly linked to a loss of autoregulation. In the rat remnant kidney model, hypertension develops following conventional 5/6 renal ablation by infarction, but not when renal mass is reduced by surgical excision (16, 58, 61) . In the BNR, BP is not only typically reduced, but manipulations, such as DOCA/ salt, have minimal effects (33) . Similarly, there is no evidence to date of detectable disturbances in volume homeostasis in the murine gene-deletion models lacking TGF (e.g., Ref. 159) . This may reflect compensatory adaptations, or impaired TGF may cause volume disturbances only when the system is exposed to specific stresses. Given the critical importance of volume control for survival and the redundancy of the mechanisms regulating salt excretion (1, 40, 45) , these findings may not be too surprising.
A compelling argument concerning the potential role of autoregulation in volume regulation is that the impact of overwhelming the distal reabsorptive capacity would be catastrophic. However, compensatory mechanisms appear to accommodate increased distal delivery under most circumstances. A common example is the compensatory response to the chronic administration of loop diuretics, which not only increase distal delivery but also block TGF (43, 89) . After an initial loss of volume, proximal and distal compensatory adaptations achieve a new steady-state within three to four days, despite continued use of the diuretic (43, 89) . A similar time course is observed in response to large perturbations in salt intake, demonstrating that, in addition to the rapid TGF response, chronic adaptations effectively regulate volume. The observed resetting of TGF in settings associated with persistent changes in distal salt delivery is consistent with such interpretations (5, 151, 167) . Finally, mechanisms other than TGF, including tubuloglomerular balance (66) contribute to the regulation of distal delivery.
Clearly TGF has the potential to counteract inappropriate swings in distal delivery, regardless of BP signals, and may be critical in acute tubular injury. Indeed, impaired proximal reabsorption coupled with impaired distal mechanisms would be life threatening, if filtration were not curbed. However, acute increases in BP normally evoke a proportionate pressureinduced natriuresis, despite autoregulation. While TGF may modulate this response, a prevention of BP-induced increases in distal delivery would interfere with this mechanism (47, 65, 105) . Pressure-induced natriuresis is an essential component of BP regulation and experimental hypertension is exacerbated when this mechanism is prevented by servo-null control of renal perfusion pressure (67) . Its modulatory role in human hypertension is also evident by the chronic volume depletion commonly seen in patients with pheochromocytoma (25) .
Thus, although it may be argued that compensatory mechanisms mask an appreciation of the normal contribution of renal autoregulation to volume homeostasis, it is clear that a precise acute stabilization of renal hemodynamics is not an a priori requirement for volume control. Indeed, in contrast to observations made in anesthetized animals, considerable time-dependent variability is seen when one monitors spontaneous RBF and BP in conscious animals. This is illustrated by Fig. 7 , which depicts the variations in RBF and BP seen over a 2-h period in a conscious, unrestrained rat. Similar observations are reported by other laboratories (120, 123, 142, 143) . Such temporal variability may reflect the influence of neurohormonal and metabolic inputs (Fig. 5) , but clearly does not support the concept of moment-by-moment autoregulation. It is, however, not inherently inconsistent with a modulatory role for TGF or other mechanisms acting on slower time scales to provide an approximate stability of RBF and GFR.
REGULATION OF RBF AND GFR INDEPENDENT OF AUTOREGULATORY RESPONSES
As experimentally defined, autoregulation concerns the rapidly-acting mechanisms that prevent imposed perturbations in BP from causing acute changes in RBF and GFR. An underlying assumption to the postulate that such acute responses are required for normal renal function is that these same mechanisms are required to prevent chronic elevations in BP from altering ambient GFR and RBF. Thus without autoregulation, BP differences would be expected to influence basal renal hemodynamics. Curiously, this is typically not the case.
A clear example relates to the ambient levels of RBF and GFR observed in different CKD models. In the infarction model (RK-I) and surgical excision model (RK-NX), 5/6 of the renal mass is removed, but by two procedures that have different effects on BP. During the initial compensatory phase (2-3 wk), minimal renal injury is seen and each model exhibits a marked impairment in autoregulation (58, 61) . However, as depicted in Fig. 8A , the basal GFR and RBF are very similar, despite marked differences in BPs. Similarly, the therapeutic reduction in chronic BP (RK-I model) does not alter ambient GFR or RBF. This is seen even with nifedipine, which abolishes all residual autoregulatory capacity (60) . Thus GFR and RBF are similar in untreated, and nifedipine-and enalapriltreated RK-I (Fig. 8B) , despite differing BPs and autoregulatory capacities. The underlying mechanisms are not clear. Reductions in K f often accompany P GC elevations, and this is reversed when P GC is lowered (4, 157) .
The lack of influence of chronic BP elevations, despite impaired acute autoregulatory capacity, suggests the presence of other mechanisms capable of regulating basal GFR and RBF over a longer time course. Clearly, chronic alterations in GFR and RBF occur in response to metabolic and excretory needs. Examples include the hyperfiltration observed with protein feeding (90) and uninephrectomy (19, 24) and in pregnancy (11) . Evidence implicates a chronic resetting of TGF in such settings and in the hyperfiltration seen in diabetes (141, 158) . Longer-acting adaptations to elevated pressure may also exist, and such mechanisms could contribute to the observed lack of impact of acute autoregulatory impairment on volume homeostasis. Just and Arendshorst (84) recently reported that when both the myogenic mechanism and TGF were inhibited, a third mechanism that exhibited a very slow time course was discerned. The relationship of this putative third mechanism to GFR and RBF regulation in the CKD models remains to be examined. However, it should be pointed out that without the existence of such a compensatory mechanism, antihypertensive therapy in patients with CKD and impaired renal autoregulation would not be feasible, because the resultant reductions in BP would cause acute, proportional, and persistent declines in renal function.
INTERACTIONS BETWEEN MYOGENIC AND TGF MECHANISMS
Because the myogenic and TGF responses share the same effector site, the afferent arteriole, interactions between these two systems are unavoidable. Each response is capable of modulating the other. The prevailing view is that these two mechanisms act in concert to accomplish the same end, a stabilization of renal function when BP is altered. This has led to a focus on synergistic interactions. If TGF and myogenic mechanisms play distinct roles in regulating function and protection, their interactions might be more complex. Macula densa-triggered responses, because of their slower time course, could modulate the more rapid operation of a protective myogenic mechanism. Moreover, both synergistic and antagonistic interactions could occur, based on physiologic needs. Thus in addition to TGF-mediated vasoconstriction, macula densamediated vasodepressor responses could limit myogenic reactivity, when protective responses disrupt renal function.
The maintenance of an adequate GFR and/or distal delivery is clearly important for normal volume homeostasis. Compensatory mechanisms may accommodate increases in distal delivery, but severe reductions are generally associated with volume retention. This is seen in clinical settings, such as congestive heart failure and cirrhosis (46, 115, 138) . Reductions in BP evoke vasodilation by a reduced activation of TGF and myogenic mechanisms. However, additional mechanisms contribute to preserving GFR when renal perfusion is impaired (132) . A clinical example is renal arterial stenosis in which increased renin release evokes ANG II-dependent efferent arteriolar tone to maintain GFR (78, 148) . The local formation of PGE 2 is essential in such settings, as illustrated by the critical role of cyclooxygenase (COX) in congestive heart failure and cirrhosis (44, 168, 169) . The renin and COX pathways interact in a complex manner. ANG II stimulates COX activity, and PGE 2 is critical in macula densa signaling of renin release (13, 26, 96, 137) . At the microvascular level, PGE 2 attenuates afferent arteriolar responses to ANG II, while preserving the efferent vasoconstriction (42, 147) . The resultant increase in glomerular outflow resistance maintains P GC and preserves GFR when renal perfusion is compromised.
The macula densa constitutively expresses high levels of both neuronal nitric oxide (NO) synthase and COX2 (13) . The roles of these two vasodilator pathways in classic TGF signaling are not fully resolved, but both are implicated in TGF resetting (23, 110, 134, 150, 151) . PGE 2 and NO have also been shown to modulate the strength and kinetics of the myogenic component of autoregulation (85, 147, 165, 166) . Could the expression of these two pathways in the juxtaglomerular apparatus (JGA) also reflect the existence of vasodepressor mechanisms that might attenuate afferent arteriolar myogenic reactivity in settings in which distal delivery is impaired? Several investigators have demonstrated that signals reflecting reduced distal delivery, such as reduced osmolality or chloride concentration, trigger the release of NO and PGE 2 from the JGA (121, 156, 170, 173) , and direct, microelectrode measurements demonstrate an elevation in distal tubular NO concentration in response to furosemide (95) . If severe reductions in distal delivery trigger the combined release of NO and PGE 2 , this would be a powerful vasodilator signal. PGE 2 and NO elicit afferent arteriolar vasodilation through cAMP and cGMP, respectively. These two cyclic nucleotides and their associated kinases act by divergent and redundant signaling pathways (99, 100, 119) and exert synergistic interactions via phosphodiesterase III (119, 130) , further enhancing the vasodilator capacity of this combination. Could PGE 2 and NO modulate myogenic reactivity when a protective vasoconstriction exerted untoward effects on distal delivery in the affected nephron? The myogenic responses depicted in Fig. 3 , C and E might trigger such a mechanism. In these cases, the protective responses to the systolic BP would result in a further decrease in mean glomerular perfusion pressure, potentially causing an inappropriate reduction in GFR and distal delivery. Under such conditions, a macula densa-triggered depressor mechanism could attenuate myogenic reactivity, preserving distal delivery, and, thereby, integrating the protective and regulatory functions of the renal vasculature.
It is generally accepted that an active TGF system (normal or increased distal delivery) is necessary for the full expression of the myogenic response, and severe reductions in distal delivery have been shown to impair myogenic responses. For example, in an elegant study, Schnerrmann and Briggs (131) demonstrated that effective P GC regulation was observed when the distal tubular flow rate was held constant (eliminating pressuredependent TGF signaling) but was maintained at a high flow rate (40 nl/min, Fig. 9A ). Presumably, P GC regulation was achieved by the myogenic response. However, as shown in onstrated that a cessation in distal delivery disturbs the regulation of P GC in the dog. Others have shown, using the juxtamedullary nephron preparation that myogenic vasoconstriction is attenuated when TGF is blocked by furosemide or papillectomy (107, 129, 146, 163) . Such observations are generally interpreted as demonstrations of the permissive role of TGF in myogenic reactivity. However, it must be emphasized that these observations could equally be interpreted as indicating a vasodepressor mechanism that reduces myogenic reactivity when flow signaling at the macula densa is depressed. Does TGF-induced vasoconstriction actually play an obligate role in myogenic signaling? The robust myogenic responses seen in the hydronephrotic kidney, which has no TGF mechanism, suggests this is perhaps not the case. Studies evaluating the possibility that myogenic reactivity is modulated by a macula densa vasodepressor mechanism when distal delivery is impaired would be of great interest.
Finally, the unique anatomy suggests a primary importance of macula densa signaling in settings associated with internephron heterogeneity. Many renal diseases are characterized by heterogeneity in single-nephron GFR, tubular function, and distal salt delivery (3, 31, 79) . Moreover, in the diseased kidney, the focal distribution of vascular/glomerular lesions suggests a heterogeneity regarding the pressure signals to these sites (31, 117) . It is not difficult to envision a need for individual nephron control under such conditions. Internephron heterogeneity in perfusion patterns and renin release may contribute to the pathogenesis of hypertension in the 5/6 renal ablation model and other settings (34, 61, 106, 139) . In this regard, it should be noted that ANG II and endothelin-1 potently enhance myogenic reactivity (91) and a stimulation of either of these pathways could promote localized preglomerular vasospasm. A macula densa-mediated vasodilatory response could play an important regulatory role in affected nephrons. Clearly, there is a need for additional investigations in this area.
Conclusions and Perspectives
The observed autoregulation of RBF and GFR has long been interpreted as reflecting a mechanism that is required for normal renal excretory function and volume homeostasis (e.g., Ref. 63 ). Nevertheless, observations in diverse animal models indicate that when renal autoregulation is impaired, there is no evidence of disturbed volume regulation. While it may be argued that redundant compensatory mechanisms mask the impact of impaired autoregulation, these observations clearly demonstrate that intact renal autoregulatory mechanisms are not an obligate requirement for adequate volume control.
Intact autoregulation does appear to be absolutely essential for normal renal protection, because impaired renal autoregulatory capacity is invariably associated with an increase in the susceptibility to hypertensive injury. Of the two underlying mechanisms, the myogenic response is uniquely suited to this protective role. Its unusual kinetic attributes allow the afferent arteriole to sense elevations in the rapidly oscillating systolic BP and adjust tone to this signal. While it is important to emphasize that this postulate awaits critical evaluations using in vivo preparations and other experimental models, an important question concerns the determinants of this adaptation. The rapid onset in vasoconstriction, which is also observed in vivo (85, 175) , is critical regarding the response to oscillating signals. What novel smooth muscle mechanisms are involved? Elevations in the systolic BP correlate most closely with end organ damage (22, 71, 82, 174) . Is the afferent arteriole unique or do terminal arterioles of other vascular beds provide protection against this oscillating pressure through similar adaptations?
Normal autoregulation requires both myogenic and TGF mechanisms, and a myogenic constriction triggered by the systolic BP would contribute to autoregulation when this signal changes in concert with mean BP. Similarly, any mechanism elevating preglomerular tone, including TGF, could be viewed as contributing to renal protection. However, it is also possible that the myogenic and TGF responses play distinct roles regarding protection and regulation of function and considerations of their potential interactions should be expanded. Macula densa-mediated vasodepressor mechanisms, triggered by reduced distal delivery, could protect GFR by attenuating inappropriate preglomerular vasoconstriction. An interesting possibility is that such a response may modulate myogenic reactivity when a protective vasoconstriction to elevated systolic BP disrupts the regulation of distal delivery. Such interactions would serve to integrate the protective and regulatory functions of the renal vasculature. Studies evaluating this possibility would be of interest. Finally, observations that ambient GFR and RBF remain normal, despite hypertension, in animal models with impaired acute autoregulatory responses suggest the existence of previously unappreciated long-term adaptations. The nature of the underlying mechanisms deserves investigation.
